The temporal structure of arm movements was studied in nine cerebellar patients with mild impairment of the upper limbs and in six agematched control subjects.
In his elegant treatise concerning motor deficits following gunshot wounds to the cerebellum, Holmes'2 described a specific set of movement abnormalities which still provides the framework for clinical diagnosis of cerebellar dysfunction. In addition to hypotonia, tremor and ataxia, cerebellar patients often exhibit abnormalities in the rate, range, accuracy and force of goaldirected voluntary movements as well as irregularities in the performance of alternating movements. Since Holmes' pioneering work, cerebellar involvement in movement planning and execution has been the focus of considerable study. However, the precise role that the cerebellum plays in the control of voluntary movement is still unclear.
The widely accepted notion of movements being either "fast" or "slow" led Kornhuber3 23 Since it has been suggested that the cerebellum plays a crucial role in movement timing,3 24 (180 deg equivalent to full extension). The targets were not mechanically detectable and were not bounded by mechanical stops. Position of the manipulandum handle was displayed as a thin vertical line.
Subjects were instructed to place the handle cursor within the target zone according to the given instruction. Instructions were: 1) "move accurately" with an emphasis on placing the handle cursor exactly in the middle of the target zone, 2) "move fast but accurately" with an emphasis on avoiding any overshoot of the target zone and 3) "move as fast as possible" where speed was stressed.
During each experimental session, the subject was asked to make a series of steptracking movements about the elbow. Each trial consisted of 30 flexion-extension movements. Target amplitude varied from 100 to 700 but was kept constant during any given trial. Accurate movements were performed first, followed by fast/accurate movements and finally movements made as fast as possible. Within each instruction block (for example, "accurate"), target amplitude varied randomly from trial to trial. The task was not a reaction time task in that the subject was not required to minimise movement onset time relative to movement of the target. Each subject was allowed 2-3 minutes of practice before data sampling. Recording sessions never exceeded one hour.
Data recording and analysis Angular position and velocity of the manipulandum handle were recorded respectively from a potentiometer and tachometer mounted beneath the pivot point of the handle. Data were digitised on-line with an effective sampling rate of 250 Hz. Each movement was analysed individually using automatic computer programmes. Timing points were determined from the differentiated velocity signal using an acceleration threshold of 120°/s2. End of movement was arbitrarily defined as that point where the subject was within 3°of target centre. Using this definition, 5-10% of movements were considered not of the correct amplitude and were discarded. Computer selected timing points were later confirmed by visual inspection of plotted records. Statistical evaluation of group differences was determined using a two-tailed Student's t test where appropriate.
Results
Interaction between peak velocity, movement duration and amplitude All patients were able to perform reproducible, step-tracking movements after a short period of practice. Typical records of arm velocity associated with 70°movements made as fast as possible are shown in fig 1 for a normal (A) and two cerebellar patients (B, C). Movements made by normal subjects were highly stereotyped with bell-shaped, symmetrical velocity profiles. The records in B (cerebellar 1, patient WD) were representative ofmovements made by most of the patients under investiga- tion: a smooth acceleratory phase followed by a slower, more prolonged period of deceleration. (fig 2) .
To summarise, a highly linear relationship )city with amplitude, movements made by To determine if the asymmetry in movement .bellar patients were asymmetric in their profiles was best correlated with total e course (fig 1 B, C; fig 2 accurate and fast/ movement duration as suggested in fig 5 and 6 urate). This is illustrated in fig 5 where data or with peak velocity (since, for example, e been plotted for all patients, amplitudes longer duration movements were associated Iinstructions. Each data point is the mean with lower speeds), movement duration and .ie for an individual patient performing peak velocity were plotted separately as a vements of a particular amplitude and ins-function of SR. This is shown in fig 7. As can be :tion. For relatively short duration ( < 500 seen in A, the degree of skewness was clearly )movements, acceleration and deceleration dependent on movement duration. Only at ations were approximately equal and close movement durations of less than 500 ms did SR values approach the normal range ( fig 6) instruction or amplitude, signifi ces occurred primarily in the condition. The degree of movem( thus appeared to be task specifi demand for both speed and accura more variability than when oI accuracy was emphasised. latude and parameters such as maximum speed or ampliratio was best tude but appear to result from inadequate fpeak velocity scaling of acceleration duration. It is well known that, in normal subjects, the relationship between maximum speed and cant differen-amplitude is highly linear.""'6 The slope of the fast/accurate relation is dependent on instructional set, being ent variability greater for movements made as fast as possible ic in that the than for movements made accurately.'5 The icy resulted in results presented here show that cerebellar nly speed or patients were also capable of scaling peak :lear effect of velocity over a seven-fold increase in amplitude ility could be and that linearity between these two ak velocity, parameters was independent of speed and/or iter in small accuracy demands. Amplitude dependent ir movements increases in movement speed have also been made fast and described for slow, continuous tracking movements during cooling of the dentate nucleus in primates'2 and for rapid wrist movements in Parkinson patients.0 Taken together, these findings suggest that the relationship between peak velocity and amplitude is relatively immune to disruption of either the cerebellum or basal ganglia. Not surprisingly, movements made as fast as possible were slower in the cerebellar group compared to normals. As the demand for accuracy increased, differences in peak velocity were minimal. It must be noted, however, that the + 30 error allowed for final position may not have been stringent enough to force a significant slowing of movement velocity in the cerebellar group.
Miall et al'2 have recently suggested that the cerebellum may act to finely tune movements by limiting peak velocity. In this study, accurate movements were associated with slightly higher peak velocities compared to normal values. These movements, however, were still performed smoothly and with the required degree of accuracy and thus it is most likely that any increase in speed simply reflects differences in the subjective interpretation of the instruction. Development of more "ballistic" and less accurate movements which has been reported for continuous, pursuit tracking following dentate inactivation in primates'2 and in cerebellar patients performing similar tracking tasks" 13 may be explained both by differences in the severity of the lesion and the type of tracking task employed. In the first case, we chose to examine patients with mild disturbances of the upper limbs. It is therefore possible that any inability to properly adjust maximum speeds during step tracking movements is not observed in the early stages of cerebellar dysfunction.
Secondly, there is growing evidence to suggest that afferent information plays a greater role in the generation of slow, pursuit tracking movements than, for example, more rapid, step tracking movements where only start and end positions are determined.3"' Schieber and Thach35 have hypothesised that the cerebellum may act to regulate muscle spindle sensitivity via independent control of the fusimotor system. Thus, by presetting spindle sensitivity, the cerebellum could optimise afferent feedback which would be of particular value during slow tracking requiring constant monitoring of performance errors.
Although the relationships between peak velocity, movement duration and amplitude were preserved in cerebellar patients, the moment to moment time course was found to be disturbed. Specifically, this alteration in movement dynamics took the form of skewed velocity profiles. In normal subjects, movements exhibit temporally symmetric velocity profiles where the time spent in accelerating and decelerating the limb are approximately equal. Symmetrical profiles have been described for elbow and speech movements'9 as well as movements of the vocal folds. 36 More complex movements such as those involved in reaching are also symmetrical when made in either the horizontal'8 or vertical'7 planes and under different load conditions. 37 38 Together, these observations have lent support to the hypothesis that movement trajectory is centrally determined and may reflect a basic organising principle underlying movement generation.'62039 Mathematical modelling has shown that time symmetric profiles can result from minimising the rate of change of acceleration to produce movements in the most energy efficient manner.2039 Thus, movements of different amplitudes, for example, might be produced by a relatively simple scaling of a base trajectory profile.
In our study, movements made by cerebellar patients, regardless of pathology, were consistently characterised by short acceleration and long deceleration phases. This asymmetry in movement profile was independent of peak velocity but covaried with movement duration. Thus, large amplitude movements made slowly and accurately exhibited a marked asymmetry while rapid, small amplitude movements were, in fact, slightly more symmetric than normals.
Why cerebellar patients perform step tracking movements with temporally asymmetric profiles is not clear. One partial explanation may lie in the observation that, despite total movement durations of over Is, the duration of the acceleratory phase never exceeded 300ms. Recent experiments in normal subjects have clearly demonstrated that the temporal structure of movements depends upon the precise timing of phasic drive to opposing muscle groups.23 For example, shifts in velocity profiles from short to long acceleration durations while maintaining total movement duration constant are accomplished by an increase in the duration of the initial agonist burst. Additional studies have shown that the duration of this burst is directly related to the duration of the acceleratory phase, independent of changes in mean acceleration.' Thus, in our study, it is likely that the duration of the initial agonist burst was not continuously graded as movement duration increased. This would, in turn, result in movements with short acceleration durations and skewed velocity profiles.
The finding that cerebellar patients appeared unable to appropriately scale acceleration duration contrasts with other studies in which cerebellar dysfunction led to a prolongation of acceleration duration. Flament and Hore5 found, for example, that inactivation of the dentate nucleus in monkeys resulted in prolonged accelerations which were associated with an increase in initial agonist burst duration as well as a delay in onset of antagonist activity. Increased initial agonist burst duration has also been described for cerebellar patients during fast elbow flexion movements9 but accompanying alterations in movement kinematics were not reported. Although appropriate modulation of initial agonist burst duration may have been affected in the present study, it can be inferred from the patients' ability to increase peak velocity with amplitude that control of burst magnitude was not disturbed, or at least not to the same extent as with duration.
It cannot be assumed, a priori, that altera- 
